Abstract: Gauss simulation is an effective tool for designing light-emitting-diode (LED) light sources. This paper proposes a new two-part Gauss simulation model to simulate a YAG:Ce phosphor-coated LED (PC-LED). This model divides the emission spectra of YAG:Ce phosphor into two parts, and they use different half spectral widths in the Gauss function to accurately simulate the spectra of YAG:Ce PC-LED. The simulated spectra are similar to the measured spectra of packaged LEDs; most correlated color temperature (CCT) error is less than 4%, color rendering index (CRI) error is less than 2, and luminous efficacy of radiation (LER) error is less than 3% for simulation results. This is a vast improvement on an ordinary single Gauss simulation model. Using the model to analyze the combination of common blue LED and YAG:Ce phosphor helps the design of new white LEDs.
Introduction
Semiconductor white light-emitting diodes (LEDs) have attracted a great deal of attention in solidstate lighting applications, Due to their potential for substantial energy savings, high efficiency, small size, and long lifetime, it has been projected that LEDs will broadly replace conventional incandescent and fluorescent lamps for general lighting in the future [1] , [2] .
Photometric and colorimetric performance of an LED light source is represented by its CCT, CRI and LER. CCT stands for correlated color temperature, the absolute temperature of a blackbody whose chromaticity most nearly resembles said light source; CRI stands for color rendering index, which is the degree of color shift observed when illuminating a set of testing samples with a test source as opposed to a reference source, and LER stands for luminous efficacy of radiation, the conversion factor from optical power to luminous flux [3] .
These parameters are valuable in the design of new LEDs, and are primarily determined by the spectra PðÞ of said light sources. In order to obtain the spectra of LEDs, they need to be packaged and measured, which is costly. Ideally, it is good to be able to predict the performance parameters of a newly designed LED before it is packaged. These performance parameters can be obtained by using simulated spectra. Given the each part's peak wavelength and spectral width of a light source, the spectrum of an LED light source could be simulated using a Gauss function.
Yoshi Ohno [3] , Kwong Man [4] , and S. Chhajed [5] have used Gauss function to simulated LED light sources and designed LEDs with good performance using simulation. However, their LED lights are a combination of red, green and blue LEDs, or a combination of red, amber, green and blue LEDs. They have not designed PC-LED lights, which is currently more commonly used, using Gauss simulation.
This article primarily investigates blue LEDs coated with YAG:Ce (as YAG in the following text) phosphor, known as YAG PC-LEDs. However, regular single Gauss simulation model poorly simulates the emission spectra of YAG phosphor. Therefore, the resulting performance parameters, such as CCT and CRI of the simulated spectra are vastly different from the measurement results from the light sources that the Gauss model tries to simulate. This means the Gauss model is inaccurate at the simulation of the spectra of YAG PC-LEDs.
Other researchers have tried to simulate PC-LED light sources with Gauss function. Roya Mirhosseini [2] used Gauss function to simulate the spectrum of the two blue LEDs in a dual-blue LED coated with YAG phosphor, but he used one fixed type of YAG phosphor and did not use Gauss function to simulate the YAG spectrum. However, there more than one kind of YAG phosphor. In another article by Guoxing He [6] , he accurately simulated PC-LED's spectrum using dual Gauss function to calculate the performance of a white PC-LED. However, in his work, in order to accurately simulate the spectrum of an LED light source, the spectrum of said LED light source must be obtained through measurement. Therefore, his simulation method could not be used in the design of new LEDs.
An article by Ming-Chin Chien [7] simulated the emission spectra of both the blue chip and the phosphor components using two Gauss functions. This work successfully simulated an LED's photometric and colorimetric performance in relations to its junction temperature and drive current. However, he needs to obtain the peak intensity, peak wavelengths and spectral widths of the two Gauss functions from the spectrum of a known PC-LED. Thus, it is difficult to use his simulation model to design new LEDs.
The goal of this research is to develop a simple, accurate and effective simulation model of YAG PC-LEDs that can obtain photometric and colorimetric performance of said LED light sources without having to package and measure them. The simulation model will be used in the design of new YAG PC-LEDs in the field of solid state lighting. This paper proposes a method to improve Gauss simulation for YAG phosphor coated LEDs. The method involves dividing the YAG part of the simulated spectrum into two parts about the peak wavelength, left and right. Each part has a different half spectral width, and the two half spectral widths add up together as the total spectral width of the YAG part of the original spectrum.
Gauss Simulation

General YAG PC-LEDs
White LED light sources may emit light that is warm white, pure white, cold white or bluish white, and their correlated color temperature range from 3000K to 12000K. Each kind has a different kind of blue LED or YAG phosphor. The LED light sources investigated, and their parameters such as the peak wavelengths and spectral widths of blue LED lights and YAG phosphor, and the ratio between the light emitted from the two parts, are listed in Table 1 . The parameters of the light sources in Table 1 are measured by CSLMS4011 from Lab Sphere Co.; PðÞ and the photometric and colorimetric performance of the LEDs are obtained. The performance parameters and the spectra of the measurement are compared to that of the simulation to determine the accuracy and effectiveness of the simulation models.
In table, p ðBÞ and p ðY Þ are the wavelength of their blue and YAG peaks, respectively; ÁðBÞ and ÁðY Þ are the spectral width of light emitted from blue LED and YAG, respectively; ratio(Y:B) represents the ratio of normalized intensity at p ðY Þ to p ðBÞ. The unit of CCT is K; the unit of wavelength and spectral width is nm.
An LED light source's CCT is usually determined by ratio(Y:B), the type of blue LED and the type of YAG phosphor used. Light sources with CCT from 3000K to 4500K usually emit warm white light. 
Limitations of Single Gauss Simulation
The spectrum of an LED light source can be simulated using a Gauss function. Given the peak wavelength and spectral width of the emission spectrum of either the blue LED or the YAG phosphor, the spectrum can be simulated by using Gauss function (1) [8] . Here, p is the peak wavelength, and Á is the spectral width.
Then, CCT, CRI and LER can be calculated by using well known formulas [3] . The simulated spectra of the blue LED and YAG phosphor overlap in the single Gauss simulation of YAG PC-LEDs. In the overlapping area, the higher normalized intensity of the two is used. The results are in Table 2 . The error shows how much the simulated spectra's CCT and LER (in percentage) and CRI (in value) is higher, or lower (if negative) than that of the measured spectra of the light sources. BMeasured TABLE 2 Performance of Gauss simulated vs. measured spectra of common PC-LEDs Table 2 , a few characteristics of the Gauss simulation of LED's spectra can be concluded: Gauss simulation yields an LER that is usually 5% higher than LER calculated from measured spectra; For warm white lights, error on both CCT and CRI are fairly small; For most PW and CW lights, and BWA lights, Gauss simulation has a fairly large error, and usually yields higher CCT and lower CRI; For BWB light, Gauss simulation yields CCT close to that of measured spectra, but lower CRI. The single Gauss simulated spectra have a noticeable sharp edge in the overlapping area of blue LED and YAG phosphor. In Fig. 1 , it is clear that the Bsharp edge[ in the simulated spectrum is not similar to the shape of the actual spectrum. This causes the simulation to be less accurate. There is also noticeable difference in the right side of the YAG part of the spectra.
The Two Part Gauss Model
In order to improve the simulation of PC-LEDs, the two part Gauss model is proposed. The two part Gauss model uses different Á for the left side of the peak and the right side of the peak. Á l and Á r represent half spectral widths for the left side and the right side of the peak, respectively.
Thus, when calculating the emission spectra of YAG phosphor, equations (2) and (3) are used.
In this research, Á l ÁðY Þ=2 while Á r ! ÁðY Þ=2. As a result, the left side of the peak is Bshrunk[ while the right side of the peak is expanded. This allows the shape of the YAG side of the simulated spectra to be more similar to that of the measured spectra. The left side of the emission spectra of YAG phosphor is comparable to the left side of a Gauss function Bshrunk[ to the right. Á l depends on how much the Gauss function is shrunk. Fig. 2 includes the measured spectrum of a sample pure white light. On the right of the blue peak, at the BO[ marked wavelength, there is a significant change in the slope of the spectrum. The marked wavelength is believed to be the wavelength at which YAG phosphor starts to emit noticeable amount of light. We let the BO[ marked wavelength be 1 . 1 is at p ðBÞ þ ÁðBÞ=2.
This model Bshrinks[ the half spectral width of single Gauss curve ÁðY Þ=2 to Á l by a Bshrinking ratio[ r , the ratio obtained from shrinking the left side of single Gauss curve by pressing 0 , the left most point of the single Gauss curve, to 1 . r is an important parameter; an inappropriate r will make the simulation inaccurate. For example, in Fig. 2 , the spectrum is simulated using r ¼ 0:9 and r ¼ 0:7, and both simulations have fairly large error. Thus it is important to make sure 1 and 0 produce r values that make accurate simulations. 0 is defined to be i Á ÁðY Þ=2 away from the peak wavelength of YAG's emission spectrum. i varies between 1.5 to 3. The most suitable variable i will be chosen for each kind of LED light source depending on the performance of the simulation. Á l is calculated by equation (4) 
r is called Bshrinking ratio[, and is calculated by equation (5) . However, if r 9 1, r is set to 1.
The current implementation is called the Model 1 in this research. Here, 1 and i are variables. 1 ¼ p ðBÞ þ ÁðBÞ=2, and i depends on the type of blue LED and the type of YAG phosphor. Table 3 is the list of LED light sources and the most appropriate i for each light source, along with the performance comparison between the simulated spectra (using Model 1) and the measured spectra. In Table 3 , simulated spectra have similar CCT, CRI and LER to that of the measured spectra. Model 1 is much more accurate than the single Gauss model. The main weakness of Model 1 is that there is not a fixed i that fits all LED light sources. Thus it is inconvenient. There is a noticeable trend of how optimal i value changes as the characteristics ( p and Á) of the blue LED and YAG phosphor change. However, deriving a method to identify optimal i is difficult, and if a new kind of LED light source is introduced, it is hard to identify an optimal i value for the new LED.
Suitable Variables and Performance Test Results
Figs. 3-6 are spectra comparisons for sample WW, PW, CW and BW LED light sources, respectively. In these figures, simulated spectra are very similar to their corresponding measured spectra. The simulated and measured spectra have correlation coefficients of 0.998, 0.992, 0.994 and 0.985 for sample WW, PW, CW and BW in Figs. 3-6 , respectively.
Improvements to the Two Part Gauss Model
Fixed 1 and i Values
In the simulations, a fixed value i ¼ 2 has been tried for all tested LED light sources. This caused the simulated spectra of PWC, CW, BWA and BWB LED light sources to have lower CCT than that of their correspondent measured spectra. In Fig. 7 , the left side of the YAG part was Bshrunk[ too much (Á l is too small) when i ¼ 2. Lowering i to 1.8, in the case of PWC LED, reduces the Bshrinkage[ of the left side and makes the simulated spectrum more similar to the measured spectrum. Moving 1 to the left may achieve the same effect.
For PWC, CW and BWA, their 1 ¼ p ðBÞ þ ÁðBÞ=2 (around 466 nm) are larger than 1 of WW, PWA and PWB LEDs (around 460 nm). Since moving 1 to the left will increase the simulated spectra' CCT, PWC, CW and BWA may require a lower 1 so that the simulation becomes more accurate when i ¼ 2. It is possible that they require the same 1 as the other LEDs.
Therefore, the method of moving 1 to the left is tried in this research. At first, the ideal 1 was thought to be around 460. Testing shows that a fixed 1 will indeed allow accurate simulations with i ¼ 2, but the best fixed 1 is 452 nm. Thus, the new implementation uses the same method as Model 1, but for all LED light sources, 1 ¼ 452 nm, i ¼ 2. It is called Model 2.
Performance and Spectra Comparisons, and Conclusion
The performance of Gauss simulated spectra, using Model 2, are compared to that of the measured spectra in Table 4 . The performance of simulated spectra are very similar to that of the measured spectra.
The Model 2 simulated spectra are compared to the measured spectra in Figs. 8-11 , for sample WW, PW, CW and BW LED light sources, respectively. The Model 2 simulated spectra are similar to the measured spectra; correlation coefficients in spectra comparisons for WW, PW, CW and BW LEDs are 0.996, 0.992, 0.994 and 0.984, respectively. Therefore, the simulation is effective. Except for WWA, CCT error is less than 4%; except for BWA, CRI error is less than 2; most LER error is less than 3%. More importantly, fixed 1 and i values mean that the simulation is convenient.
New Designs and Application
Several new LED light sources are designed with the help of Model 2. For example, an LED light source A, whose CCT is around 6000K is required. A's CRI is also required to be higher than 70. According to Table 1 , PWB is chosen. Then, light source A's performance is simulated using Model 2. p ðBÞ, ÁðBÞ, p ðY Þ and ÁðY Þ are set to 449 nm, 20.5 nm, 555 nm and 123 nm, respectively, according to Table 1 .
The simulation shows that when ratio(Y:B) is 0.53, the LED light source's CCT is 6000K. The accordingly packaged LED has CCT of 6013K, CRI of 72.9 and LES of 92.6 lm/W. LES stands for luminous efficacy of source, which means the ratio of the luminous flux emitted to the power consumed by the light source. The newly designed LED satisfies the requirements.
Then, the simulation model is used to design new LEDs with good photometric and colorimetric qualities. As shown in Tables 2-4 , most common YAG PC-LEDs have CRI below 80. Some YAG PC-LEDs have high CRI, but they have higher CCT, which is suboptimal for lighting purposes. The The simulation results show that for PC-LEDs that use one blue LED and one kind of YAG phosphor, achieving high CRI is difficult if CCT needs to be around or below 6500K. However, when long wavelength blue LED and long wavelength YAG phosphor are used, it is possible. For example, in Fig. 12(d) , when blue LED (d) and YAG1 are used, it is possible for the resulting LED light source to have CCT around 6000K, while its CRI is higher than 80. One simulation uses blue LED (d) and YAG1, and let ratioðY : BÞ ¼ 0:43. The resulting spectrum has CCT of 6063K and CRI of 81.9, but its LER is relatively low, at 293 lm/W. This example simulated spectrum is then packaged and measured. The resulting light source has CCT of 5989K and desirable CRI of 83.4, and its LES is 82.4 lm/W. The result shows that Model 2 is accurate, and it can be helpful for designing new YAG PC-LEDs.
It can be seen from Fig. 12 that the type of YAG phosphor has a significant effect on color rendering performance; at the same CCT value, the CRI difference between LEDs using different types of YAG phosphor could be as large as 10 to 15; The type of blue chip has a relatively insignificant effect, at the same CCT value, LEDs using different types of blue chips only have a difference of 2 to 3 in CRI. For example, in Fig. 12(a) , at CCT ¼ 5000 K, LEDs using YAG1 have CRI of about 77, while LEDs using YAG4 have CRI of about 64. This is because long wavelength YAG has a larger spectral shift from blue LED than short wavelength YAG has. This increases the total width of PC-LED spectrum, which means that the spectrum has a more complete coverage over the visible spectrum, and thus a PC-LED with long wavelength YAG has higher CRI.
In conclusion, Model 2 is a simple and effective improvement on the Gauss simulations for PC-LED light sources. It is convenient to use and produces accurate simulation results, and will help with future LED designs.
